This paper reports the assignment of the rotational spectra of the m = 0 and 1 states of . This provides a direct experimental determination for the C rotational constant of 13 CC 5 H 6 , which has a negligible dipole moment.
Introduction
The C 6 H 6 -H 2 O complex has attracted significant attention as a prototype for aromatic-polar interactions [1] [2] [3] [4] [5] [6] . Due to the large amplitude motion of the H 2 O, within the complex, it has a complicated rotational spectrum which is yet to be fully understood. Blake and coworkers [5] reported the first observation of the J = 4-10 rotational spectra in which they had unambiguously assigned the ground state symmetric-top spectrum. Two other unassigned progressions were reported. Shortly thereafter, Gutowsky et al. [6] reported the observation of J = 0-4 transitions in which they confirmed and refined the ground state symmetrictop spectrum. Also, they noted that there was one strong line between the two unassigned progressions. The line in the middle and the two progressions appeared as one long progression. The newer line was assigned as a K = 0 line of the internal rotor progression (m = 1) using the following expression:
This expression had been used earlier by Fraser et al. [7] for assigning the spectrum of the symmetric-top complex, CF 3 H-NH 3 . Here, m is the projection of the internal rotational angular momentum on the principal axis. This is basically the standard symmetric-top equation [8] modified for an internal rotor on the symmetry axis. One minor modification required for the C 6 H 6 -H 2 O spectrum was the addition of the ÀD JJm m 2 to the D J term [6] . Eq. (1) leads to a simple symmetric-top spectrum for the m = 0 ground state as observed. For m = 1, it predicts 2J + 1 lines corresponding to mK = ÀJ to +J. Since Blake and coworkers used a Stark modulated spectrometer, the K = 0 line at the center of this progression could not be identified in their work. Though Eq. (1) could explain the broad picture of C 6 H 6 -H 2 O rotational spectrum, there were some anomalies that remain unresolved. The major anomaly is that the mK = +J line was missing and an odd line appeared above the m = 0 progression; see Fig. 1 . Similar pattern was found in the rotational spectra of Rg-C 6 H 6 -H 2 O sandwich trimers (Rg = Ar, Ne or Kr) [9, 10] , suggesting that it was not an isolated phenomenon.
The spectra for the mono-substituted dimers containing 13 O, only the K = 0 lines of J = 0 fi 1 could be identified. These were all split into a doublet with different splittings for different isotopomers (Table 7 in [6] ). The higher J lines could not be identified or assigned. The larger rms deviation observed in the fit of the m = 0 lines was due to the fact that the m = 1 lines of the parent C 6 H 6 -H 2 O and m = 0 lines of 13 CC 5 H 6 -H 2 O were overlapping. The splitting observed in the J = 0 fi 1, mK = 0 line could be reproduced with an effective twofold barrier using the ITRFIT code by Taleb-Bendiab et al. [11] based on the principal axis method (PAM) Hamiltonian. This Hamiltonian is a truncated form of the Hamiltonian used by Rohart [12] . However, such a fit resulted in the prediction of higher J lines with similar splittings and these were not found. For the higher J lines, the splitting showed a non-trivial dependence on J and K for the nearly prolate asymmetric-top complexes. Attempts were made to fit the spectra initially using the full Hamiltonian of Rohart but the fit was not satisfactory. Several other Hamiltonian forms for an analysis of torsion have been described elsewhere [13] [14] [15] [16] .
In a series of papers, Duan et al. [17, 18] have employed the van Vleck transformation method to study the vibration-rotation-torsion (VRT) Hamiltonian. All the terms described by Rohart [12] and Taleb-Bendiab et al. [11] are part of the more general, systematic scheme of derivation given by Duan et al. The D JJm term used in an adhoc manner in our earlier work on C 6 H 6 -H 2 O [6] is equivalent to the g v term in Duan et al.Õs work [18] . Their derivation is based on the Watson Hamiltonian [19] . By introducing a slightly different ordering scheme, they have derived expressions for an effective VRT Hamiltonian and an effective torsional-rotational Hamiltonian for a given vibrational state. They have also examined the coupling of rotation to torsion. In our approach to be presented below, we have used their formalism and have proposed an effective torsional-rotational Hamiltonian to analyze the spectra of benzene-water dimers. We have used the ITRFIT FORTRAN code provided by Taleb-Bendiab [11] with appropriate modifications to include all the terms described in [17] and [18] . The application of this Hamiltonian to the analysis of spectra of van der Waals complexes is done for the first time to our knowledge. With this Hamiltonian, both the m = 0 and 1 progressions for 13 The experimental spectra were obtained with the Balle-Flygare spectrometer described elsewhere [6] . The details of the spectrometer and its applications have been summarized in a recent review [20] . The 13 CC 5 H 6 -H 2 O lines could be unambiguously assigned using the 13 C depleted benzene and it turned out to be quite useful in the assignment.
Results and discussion
The m = 0 and 1 transitions for C 6 H 6 -H 2 O and 13 CC 5 H 6 -H 2 O are shown as a stick diagram in Fig. 1 . The similarity in the m = 1 progression for the two complexes is evident. The transition frequencies for the two complexes were analyzed using an equilibrium structure, in which H 2 O is the rotor and the substituted benzene is the frame. These frequencies are given in Tables 1 (m = 0) and 3 (m = 1) and the fitting parameters are given in Tables 2 and 4 , respectively. From Fig. 1 and Table 3, it can be noted that every transition in parent isotopomer is split into two in the mono-substituted benzene, and the splitting varies with J and K. The details of the fitting are given below.
The m = 0 transitions were fitted earlier [6] for the near-prolate asymmetric tops 13 [21, 22] . However, in these reports, the rotational constants of 13 CC 5 H 6 have not been independently determined but calculated from the structure of C 6 H 6 . On the other hand, C 6 H 5 D has a small observable dipole moment and its rotational spectrum has been observed [23] . It has a C constant (2749.7 MHz) which is also close to the A rotational constant (2765.5 MHz) of the corresponding water dimers, 6, 20] . Thus, a direct determination of C rotational constants of mono-substituted benzene isotopomers is possible from the data given here. In these complexes, water acts as an electrophore [20] for the determination of rotational constants of 13 CC 5 H 6 and C 6 H 5 D. As mentioned earlier, the m = 1 progression for 13 CC 5 H 6 -H 2 O and C 6 H 5 D-H 2 O could not be assigned at all in the earlier work. However, an interesting regularity was observed in the J = 0 fi 1 transitions of the m = 1 progression for the two isotopomers. They form a doublet, with a splitting of 0.3-1.3 MHz for various isotopomers. For the two isotopomers noted above, the doublets appear at frequencies which are 25.9 and Table 5 of [6] . b Not included in the fit. These lines have significant overlap with the much stronger m = 1 lines of the parent at 11905.11 and 15870.97 (see Table 3 ). Table 3 and are reported for the first time. These two complexes are nearly prolate asymmetric tops. Several attempts were made earlier to identify and assign the transitions of the m = 1 state for these asymmetric tops, but with only limited success. In the present paper, the transition frequencies have been fitted by including several higher order and Table 3 Observed rotational transition frequencies and residues from the fit (in MHz) for benzene-water isotopomers in m = 1 excited internal rotor state Table 5 .
b Not included in the fit. For the J = 3 fi 4, K = 1 and 2, instead of 4 lines (two doublets), only three lines have been observed for both asymmetric isotopomers. It is possibly due to some local perturbation that has not been considered; see text and Fig. 1 coupling terms to the general semi-rigid molecular Hamiltonian coupled to an internal rotor [17, 18] . The Hamiltonian used to fit the spectra reported in this paper is
where
Here, P a , P b , and P c are the projections of the total angular momentum onto the principal axes in the I r representation; p is the operator for angular momentum of the internal rotor; a is the internal rotation angle; V 2 is the effective barrier height; A r , B r , and C r are rigid rotor rotational constants in the principal axes; F c is proportional to the inverse moment of inertia I c of the internal rotor (I b of H 2 O); and h a is the angle between the internal rotor axis and the ''a'' axis. In our model, the internal rotor axis coincides with the ''a'' axis of the complex, i.e., h a is 0°. No improvements were observed in the fit when h a was varied. In H dist (Hamiltonian with distortion coefficients), the terms with coefficients D J and D JK represent the usual centrifugal distortions in the WatsonÕs reduced Hamiltonian [25] . The remaining terms represent distortion contribution due to internal rotation and its coupling with the overall rotation. Note that L Ja and D JKm in Eq. (2) are the same as D JKm and H JKm used in [6] .
The Hamiltonian matrix was constructed using |JKMmae basis set, where J, K, and M are quantum numbers associated with symmetric-top wave functions and m is the quantum number associated with the free internal rotor wave functions. Since m has no finite limits, the Hamiltonian matrix is infinite in principle. However, the Hamiltonian matrix was truncated at m = ±2 for ensuring convergence of lower energy levels.
For C 6 H 5 D-H 2 O and 13 CC 5 H 6 -H 2 O the torsionalrotational transitions listed in Table 3 were fit using the internal rotation Hamiltonian given in Eq. (2), which includes the effects of centrifugal distortion and torsion-rotation couplings in the form of H dist . The terms of H dist given below are additional to what was used earlier in the fit of parent compound [6] 
The distortion parameters are the same as the parameters used by Duan et al. [17, 18] in their analysis of CH 3 OH and its isotopes. These terms were found to have a significant contribution in fitting all the lines corresponding to m = 1 state. Rotational constants published earlier were used as initial guesses for calculating the torsional-rotational spectrum of these isotopes. The barrier height to internal rotation, V 2 , was set to 0.839 and 1.906 MHz for 13 CC 5 H 6 -H 2 O and C 6 H 5 D-H 2 O, respectively (being twice the experimental splitting observed for the J = 0 fi 1 transition). The potential V 2 could not be determined from experimental splitting because of the dipole selection rule for these complexes which allows transitions within the same torsional manifold only.
The set of all transitions for the two isotopes are given in Table 3 Table 4 . Centrifugal distortion terms determined from the fit are also given in Table 4 . The A rotational constant determined using m = 0 and 1 transitions together is slightly different from that obtained using m = 0 transitions alone. As the complex is a nearly prolate asymmetric top, the quantum number K can be used to describe the energy levels. The program, we used (which is a modified ITRFIT code) however, denotes rotational energy levels associated with each torsional state m by the label Jsm where s gives the numbering of energy levels. Table 3 retains the K O complexes, and these levels are split. This splitting is due to the asymmetry and the effective V 2 term introduced in the potential. It appears that for the mK = +1 and +2 levels, these two splittings become comparable leading to the observation of three instead of four transitions.
From the experimental spectra, it is clear that the splitting due to the asymmetry and the effective potential increases as mK increases from ÀJ to +J. However, our model Hamiltonian does not show this. The energy levels for the J = 3 and 4, and m = 1 are shown in Fig. 2 . Due to the scale used, the energy levels appear closer than they actually are. For clarity, the actual energies of all the states are given in Table 5 , as well. As it is clear from Fig. 2 and Table 5 , the model Hamiltonian leads to a splitting that dramatically decreases as |mK| increases from 0 to J. Clearly, the effective potential should increase with J 2 Km. With that in mind, a term having the canonical form P 2 {P a P c , (1 À cos 3c)} was introduced in the Hamiltonian for fitting the spectra. With this, we tried to include K = +1 and +2 lines in the fit, but the rms deviation increased to several MHz. It is likely that the perturbation is from some low frequency intermolecular modes that we have not considered. These energy levels start at 15 cm À1 . Experimental observations of low frequency intermolecular vibrational modes may help in resolving all the complexities of the rotational spectra of this important class of dimers.
Conclusion
The recently derived vibrational-rotational-torsional Hamiltonian by Duan et al. has been used to identify and fit the m = 1 lines of the symmetric C 6 H 6 -H 2 O complex and its mono-substituted asymmetric isotopomers. With this approach, the m = 1 spectrum of the monosubstituted asymmetric dimers could be fitted as successfully as that of the parent symmetric dimer. In addition, previous assignments of m = 0 lines of 13 The model Hamiltonian shows a splitting in |K| levels that decrease as |K| increases from 0 to J and the experiment shows that, this splitting increases as K increases from ÀJ to +J. According to the experimental spectrum observed, the splitting of the K due to the effective potential, V 2 , and asymmetry becomes comparable to the splitting in energy level. Due to the scale used, the energy levels appear closer than they actually are. See Table 5 for the calculated energies.
centrifugal distortion constants for the m = 0 and 1 states for the complexes have been reported.
